Quercitrin is a flavonoid with antiinflammatory activity in experimental colitis, associated with an antioxidative action and amelioration of water absorption in vivo. However, its mechanism of action is unclear. This study focuses on the effect of quercitrin (1 and 5 mg/kg) in the early stages (24 h) of trinitrobenzene sulfonic acid colitis. Treatment with the flavonoid prevented the increase in colonic malondialdehyde and inhibited nitric oxide synthase and alkaline phosphatase activity but had no significant effects on observable damage. No effect on neutrophil infiltration (myeloperoxidase) was observed. On the other hand, quercitrin exerted complex effects on colonic hydroelectrolytic transport, showing a slight potentiation of water absorption in vivo (5 mg/kg) as well as a normalization of carbachol stimulated electrogenic ionic transport in the proximal colon in vitro (5 mg/kg). It is concluded that the beneficial effects of quercitrin on trinitrobenzene sulfonic acid chronic colitis arise from an early downregulation of the inflammatory cascade that is associated with amelioration of the disturbances in hydroelectrolytic transport. D
Introduction
Inflammatory bowel disease (IBD), comprised of ulcerative colitis and Crohn's disease, is a chronic condition that affects primarily the distal part of the gut and courses with alternate periods of inflammatory bouts and remission of the symptoms. Despite having received a great deal of attention during the past few years, the etiology of IBD remains essentially unknown [1] and the pharmacological treatment is still unsatisfactory to date [2] . Therefore, the search of new lines of therapy is much warranted. Flavonoids are polyphenolic compounds of natural origin that are present in the normal diet in significant amounts [3] . While flavonoids are devoid of classical nutritional value, they are increasingly viewed as beneficial dietary components, namely in cardiovascular disease and cancer, considering their wellestablished antioxidant and antiradicalary properties. In addition, flavonoid compounds exert a plethora of biological effects, including enzyme inhibition (lipoxygenase, cyclooxygenase, nitric oxide synthase), immune cell modulation, etc. (reviewed in [3] ).
The most common flavonoid moiety in nature is quercetin (3, 5, 7, 3 0 ,4 0 -pentahydroxyflavone), which is normally present as a glycoside, such as quercitrin (3-rutinoside) or rutin (3-rhamnoside). We have previously found that quercitrin and rutin exert a beneficial effect in experimental colonic inflammation [4] [5] [6] . Oral administration of either flavonoid 2 h prior to trinitrobenzene sulfonic acid (TNBS) administration and daily thereafter reduces neutrophil infiltration, counteracts glutathione depletion and protects the mucosa from ulceration. In addition, flavonoid treatment results in a marked improvement in colonic function, since fluid absorption, which is dramatically impaired by inflammation, is increased significantly compared with TNBS controls as early as 2 days postchallenge [4] . However, the mechanism of action of these flavonoids is poorly understood. Inflammation was induced by an enema of the hapten 2,4,6-trinitrobenzene sulfonic acid dissolved in 50% ethanol. This model was originally described by Morris et al. [7] as a simple, reproducible, and relatively inexpensive model of colonic inflammation extending up to 8 weeks and displaying signs of chronic inflammation following an initial strong acute inflammatory response. Thus chronic inflammation is evidenced by the presence of fibrosis, stenosis, granulomatous responses and the progressive substitution of neutrophils by lymphocytes and macrophages [8] . The inflammatory response to TNBS in rodents is driven by Th-1 lymphocytes [9] . This fact, coupled with the histological characteristics of TNBS colitis (i.e. transmural inflammation, fibrosis, granulomatosis) makes it a suitable model of Crohn's disease rather than ulcerative colitis. The TNBS model of colitis is characterized by an immediate intense acute inflammatory response with mucosal necrosis followed by a prolonged phase of healing of the mucosal lesions and progression to a chronic type of response [7, 10] . Our previous experiments examined the effect of the flavonoids once the inflammatory response had peaked and therefore could not discriminate between a preventive and curative action. Hence we designed the present study to verify whether quercitrin treatment, in identical conditions to those assayed previously, has an impact on the early stages of TNBS colitis.
Methods

Animals
Female Wistar rats (200-250 g) supplied by the Laboratory Animal Service of the University of Granada were housed in makrolon cages (3-4 rats per cage) and provided with free access to tap water and food (Panlab A04). Animal quarters maintained a constant temperature (22-25°C) and a 12 h light-dark cycle. Animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health.
Induction of colitis and assessment
The animals were fasted overnight and received either 1 ml of quercitrin (1 or 5 mg/kg p.o., Q1 and Q5 groups) or water (TNBS group). Exactly 2 hours thereafter, colitis was induced by administering an enema of 30 mg of TNBS dissolved in 0.25 ml of 50% ethanol (v/v) by means of a Teflon cannula inserted 8 cm through the anus under halothane anesthesia [7] . Control animals (group C) received an equal volume of phosphate buffered saline. The following day the rats were sacrificed by cervical dislocation and the colonic segments were obtained, gently flushed clean with ice-cold Krebs solution and processed for evaluation of the inflammatory status. The colonic segments were placed on an ice-cold plate, cleaned of fat and mesentery, and blotted on filter paper. The colon was cut longitudinally and scored for visible damage according to the criterion of Bell et al. [11] . The colon was subsequently divided in proximal and distal segments, each one of which was longitudinally cut into several fragments. Samples were kept at À30°C for no more than 2 weeks until assay. Biochemical measurements were performed in duplicate.
Biochemical determinations
Myeloperoxidase (MPO) activity was measured according to the technique described by Krawisz et al. [12] . One unit of MPO activity was defined as that degrading 1 mmol/min of hydrogen peroxide at 25°C. The results are expressed as MPO units per gram of wet tissue. Malondialdehyde (MDA) content was quantitated as thiobarbituric acid reactive substances (TBARS) by the method of Zingarelli et al. [13] . The results are expressed as mmol per 100 mg of wet tissue. For the determination of alkaline phosphatase (AP) activity, whole length tissue samples were weighed and homogenized in cold saline solution (1:20 w/v), and after centrifugation the homogenates were assayed for protein content [14] . AP activity was determined spectrophotometrically using disodium p-nitrophenylphosphate as substrate [15] . One unit of AP activity was defined as that degrading 1 mmol/min of substrate at 25°C. The results are expressed as AP units per mg of protein.
Nitric oxide synthase activity
Nitric oxide synthase (NOS) activity was determined in rat cultured colonic explants. For this purpose, five additional rats from each group were used. Once the rats were sacrificed, colonic specimens (0.4 Â 0.8 cm) were obtained from the proximal or distal colon. The colonic explants were kept in NaCl 0.15 M containing penicillin (300 U/ml) and streptomycin (300 mg/ml) at 4°C for 15 min, and the organ culture was performed according to the method of Eastwood and Trier [16] . In brief, the tissue was oriented on metal grids and cultured for 24 hours at 37°C, 95% O 2 , 5 CO 2 in RPMI 1640 medium (Sigma, Spain) containing penicillin (100 U/ml) and streptomycin (100 mg/ml) in the presence or absence of L-arginine (10 À2 M). NOS activity was monitored by quantitation of citrulline content in the colonic explant, as previously described by Gaginella et al. [17] . For this purpose, the cultured colonic explants were weighed and homogenized (1:5 w/v) for 20 seconds in a buffer containing sucrose (0.32 M), EDTA (0.1 mM), dithiothreitol (1 mM) and a protease inhibitor cocktail (soybean trypsin inhibitor, leupeptin, aprotinin). The homogenates were centrifuged at 10,000 g for 5 min at 4°C and the supernatant was processed for colorimetric determination of citrulline [18] . NOS activity was expressed as nmol of citrulline per g of wet tissue.
In vivo colonic fluid absorption
Animals were anaesthetized with urethane (1.2 g/kg i.p.) and a laparotomy was performed. A Teflon cannula (outer diameter 2 mm) was inserted in the colon, approximately 1 cm proximal to the caecum, and the colon was gently flushed with 40 ml of warm saline to remove fecal contents. The lumen was then dried out by injecting 40 ml of air and further gentle manual expression. The colon was ligated as distally as possible, taking care not to involve mesenteric vasculature or nervous integrity, and 1.0 ml of warm Tyrode solution was instilled. The proximal end was ligated and the animals were left on a warmed pad (37°C) for exactly 1 h. At the end of this period the abdominal cavity was re-opened and the tied-off colon carefully removed. The remaining fluid was collected in a tube and weighed. A positive difference between the final and the initial volume (as determined gravimetrically) was considered as secretion and viceversa. The results were expressed as ml/hÁg wet tissue for normalization. The composition of the Tyrode solution was (in mM): 136.7 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1.05 MgCl 2 , 0.42 NaH 2 PO 4 , 11.9 NaHCO 3 and 5.5 glucose.
Voltage clamp experiments
The intestine was gently flushed and the serosa and outer muscle layers separated by blunt dissection. The proximal and distal segments of the colon were then mounted on Ussing chambers (exposed area: 0.64 cm 2 ) and short-circuited with DVC-1000 voltage clamp devices (World Precision Instruments, United Kingdom). A voltage step of +3 mV was briefly applied every 5 min to calculate tissue conductance (G) by Ohm's Law. The preparations were allowed to equilibrate for 20-30 min until stable basal readings of Isc (I 0 ) and G (G 0 ) could be obtained. A dose-response curve to the secretagogue agent carbachol was then performed. The dose-response curves were characterized by the maximal secretory response over the basal value (DIsc) and the EC 50 , which was calculated mathematically using the Origin 5.0 computer software (Microcal, Northampton, MA). The composition of the Ringers solution was (in mM): 115 NaCl, 25 NaHCO 3 , 1.2 CaCl 2 , 1.2 MgCl 2 , 2.4 K 2 HPO 4 , 0.4 KH 2 PO 4 , 10 glucose. In some experiments nominally Cl À free Ringers solution was used by substituting isethionate for Cl À . Mucosal permeability was examined in some experiments by adding 20 mg/l of phenol red to the apical or basolateral side of the colonic sheets mounted in Ussing chambers. At the end of the experiment, 100 ml of the solution was diluted in 2 N NaOH, cleared at 7000 g and the phenol red concentration measured by spectrophotometry at 560 nm.
Statistical analysis
All results are expressed as mean ± S.E.M. Differences among means were tested for statistical significance using one way analysis of variance and a posteriori least significance tests on preselected pairs. Colonic damage scores are expressed as median (range) and analyzed with the Mann-Whitney test. Differences between pairs of means were analyzed by Student's t-test. Statistical significance set at p < 0.05.
Results
Inflammatory response
As expected, colonic instillation of TNBS/ethanol triggered an intense inflammatory response that was restricted to the distal segment of the large bowel and characterized by extensive hemorrhage and bowel wall thickening of most of the distal colon [4] [5] [6] [7] . The median damage score was 9(8-10) (p < 0.05 vs. control group). Quercitrin treatment had no effect on macroscopic injury (damage score 8(7-10) and 9(7-10) for the Q1 and Q5 groups respectively, p > 0.05 vs. control group). In order to clearly define the inflammatory status in the proximal and distal colon, the levels of MPO, a marker of neutrophil infiltration, and of MDA, a sensitive marker of oxidative stress, were measured. As shown in Fig. 1 , MPO levels were markedly increased ($8-fold) in the distal colon. A significant increase was also detected in the proximal colon, albeit to a much smaller degree. Quercitrin treatment did not affect MPO activity. On the other hand, the levels of MDA were augmented by approximately 2-fold in the distal colon compared with the controls, while the proximal segment was unaffected (Fig. 2) . This increase was prevented by quercitrin at both doses assayed (Fig. 2) . Thus the flavonoid effectively counteracted oxidative stress but not neutrophil infiltration or observable injury, all of which were essentially confined to the necrosed distal area. We examined further the role of free radicals in the TNBS response by measuring NOS activity in intestinal explants. As shown in Fig. 3 , the distal colon of TNBS challenged rats experimented an increase ($69%) in NOS activity, while the proximal colon was unaffected. Quercitrin reduced colonic NOS activity both in both the proximal and distal segments of the large bowel (Fig. 3) . In addition, we measured the levels of AP activity, which is a sensitive marker of inflammation in the intestine [3, 4] and our unpublished observations. As expected, AP activity was significantly increased in the TNBS control animals (Fig. 4) . Quercitrin treatment tended to reduce this increase, reaching statistical significance with the higher dose assayed (p < 0.05).
Hydroelectrolytic transport
Rats from the TNBS group exhibited a dramatically reduced capacity to absorb water in vivo (Fig. 5) . Quercitrin treatment produced a slight but significant increase in the absorptive capacity of the colon in vivo at the dose of 5 mg/kg (Fig. 5) . Because of the striking differences observed in the inflammatory status of the proximal and distal colon, significant differences in the ionic transport characteristics of the two segments were anticipated. Table 1 shows the stable basal readings of Isc and conductance of colonic sheets devoid of the muscular layers and mounted in Ussing chambers. Basal Isc (I 0 ) in the proximal colon was similar in TNBS colitic animals and in the corresponding controls, but was significantly lower in the distal segment in the TNBS group (Table 1) . On the other hand, tissue conductance was significantly increased in the TNBS group, especially in the distal colon, showing a 8.6-fold increase compared to the controls. Tissue voltage was also dramatically inhibited in the distal segment, while the proximal colon remained unaffected. In contrast, treatment with the flavonoid had a strong inhibitory effect on basal Isc in the distal colon in a dose-dependent fashion but tended to increase it in the proximal segment (Table 1) . Flavonoid administration had no effect on tissue conductance ( Table 1 ). The effect of quercitrin on I 0 in the distal colon was examined further by ion substitution experiments (Table 2) . Removing Cl À from the bathing solution resulted in almost complete ablation of basal Isc in all groups as well as in a marked loss of effect of quercitrin in this segment, confirming that chloride secretion accounts for most of the basal Isc. It should be noted that the voltage values in Table 1 Basal electrical parameters of the proximal and distal colon the inflamed distal colon were not significantly different from zero, so that that no actual change of polarity was observed. Interestingly, tissue conductance was dramatically lowered in the absence of Cl À in the necrosed colon and was normalized to that of the control preparations (compare with Table 1 ). In order to further characterize the permeability defect observed in the necrosed colonic sheets, we attempted to measure the flux of the marker phenol red in vitro (in regular Ringer's solution). The concentration of phenol red was undetectable after 60-90 min of exposure to the apical or basolateral sides of the colonic sheets (data not shown).
When colonic Cl À secretion (as measured by Isc increase) was stimulated with carbachol, a potent secretagogue, a strong response was obtained in the proximal colon (Fig. 6) , whereas the distal segment was practically unresponsive (data not shown). However, maximal Isc increases were lower in TNBS treated animals than in the controls, indicating that even mild inflammation impairs stimulated ionic transport. Treatment with quercitrin normalized stimulated secretion in the proximal colon at the dose of 5 mg/kg, but this effect was lost when the dose was lowered (Fig. 6) . 
Discussion
The objective of the present study was to ascertain whether quercitrin has a therapeutic effect in the early stages of TNBS colitis. Specifically, we wanted to know whether the previously established antiinflammatory effect of the flavonoid in later phases of the inflammatory reaction was attributable to an initial downregulation of the colonic insult brought about by the TNBS/ethanol enema or to an interference with the subsequent progression of the inflammatory reaction. In addition, the present experiments aimed at elucidating whether the beneficial role of the flavonoid on hydroelectrolytic transport is directly linked to the antiinflammatory activity. We have previously demonstrated that quercitrin exerts antiinflammatory activity in TNBS induced acute and chronic colitis in the rat with a narrow dose-response, such that the effect was maximal at 1 and 5 mg/kg and was essentially lost when the dose was increased or reduced [4] . Furthermore, this antiinflammatory activity was also manifested by another quercetin glycoside, namely rutin [5, 6] . However, although the therapeutic effect of the flavonoid compounds was associated to decreased oxidative stress and neutrophil infiltration, suggesting an antioxidative mechanism, no definitive conclusion could be drawn regarding the restoration of normal fluid absorption. Indeed, these flavonoids have been shown to exert modulatory effects on ionic transport in vitro and in vivo [19] . Here we present evidence that quercitrin treatment, in identical conditions as in our previous study [4] , does not ameliorate the inflammatory signs (i.e. visible injury, tissue conductance, myeloperoxidase) but has a significant impact on colonic oxidative stress, nitric oxide activity and alkaline phosphatase upregulation in the initial stages of colitis. Interestingly, quercitrin also had a significant impact on hydroelectrolytic transport, despite the intense tissue injury observed at this time point. Thus the flavonoid ameliorated fluid absorption in vivo and completely normalized carbachol stimulated transport in vitro at the dose of 5 mg/kg. Downregulation of the colonic response to secretagogues has been consistently reported both in intestinal inflammation, including TNBS colitis [20,21, unpublished observations] . Thus the increase in carbachol evoked transport must be interpreted as an index of normalization of epithelial function. Although the absorption of NaCl (electroneutral) was not determined in these experiments, it is tempting to speculate that quercitrin might also have a positive effect, in agreement with previous observations in vivo [4] . On the other hand, the fact that quercitrin was equally effective in NOS inhibition and downregulation of oxidative stress at both doses assayed while only ameliorated colonic transport at 5 mg/kg suggests that there must be additional mechanisms responsible for the latter effect.
The short circuit current (Isc) in the rat colon represents basically electrogenic Cl À secretion [22, this study]. Electrogenic Na + absorption, as detected by sensitivity to 0.1 mM amiloride, is only present in the rectum and thus it does not contribute to basal Isc in the proximal or distal colon (data not shown). Although basal Isc was similar in the distal colon of the control and TNBS rats, there were important alterations in ionic transport in the inflamed tissue. The dramatic increase in tissue conductance, the extremely low voltage, the lack of response to carbachol and the macroscopic appearance all indicate epithelial necrosis of the distal colon. This is in agreement with previous reports [4, 5, 11] . The fact that basal Isc in this segment was normal can be easily explained because both tissue conductance and voltage were shifted by approximately 10-fold, so that the resultant Isc would be roughly unchanged, according to Ohm's law (I = V Â G). It is interesting to note that tissue conductance was similar in all the experimental groups in the absence of Cl À , suggesting that the increase in this parameter was specific or at least strictly dependent on this ion. In agreement with this hypothesis, the inflamed colon was impermeable to the marker phenol red (molecular weight = 354). To the best of our knowledge this is the first report of the specificity of the permeability defect in colonic inflammation.
On the other hand, our experiments revealed a strong, dose-dependent effect of quercitrin on I 0 in the necrosed segment. The significance of this finding is unknown. It is possible that the rather extreme voltage clamping conditions (due to the high conductance) may account for these discrepancies.
Conclusion
In summary, we have demonstrated that quercitrin treatment has a beneficial impact on oxidative stress, alkaline phosphatase upregulation and nitric oxide synthesis, without significant antiinflammatory activity, in experimental colonic inflammation. Hence, it is likely that the beneficial effects of the flavonoid on trinitrobenzene sulfonic acid chronic colitis arise from an early downregulation of the inflammatory cascade that is associated with amelioration of the disturbances in hydroelectrolytic transport.
